Large and bistable magnetoresistance signals have been observed in tunneling devices
with an antiferromagnet (AFM) IrMn on one side and a non-magnetic metal on the other side of the tunnel barrier. 1, 2 The work has experimentally demonstrated the feasibility of a spintronic concept [3] [4] [5] in which the electronic device characteristics are governed by the staggered magnetisation axis in an AFM. It has been shown that the AFM moments can be manipulated via an exchange coupled ferromagnet (FM) 1, 2, 6 and that the AFM magnetoresistance signals can persist to room temperature. 6 No stray fields and the relative insensitivity to external magnetic fields are among the features which make AFMs attractive complements to the conventionally utilized FMs in the design of spintronic devices, as highlighted in a recent study of AFM linear chains of a few Fe atoms, 7 and in the demonstration of the concept of an AFM memory. 8 The possibility to design spintronic elements based on AFMs becomes even more attractive in the context of magnetic counterparts of conventional compound semiconductors, which may enable new devices combining spintronic and nanoelectronic functionalities. In this paper we report the discovery of a new member of this family: tetragonal epitaxial CuMnAs, a room-temperature AFM whose in-plane lattice constant matches GaP or Si.
Over the past two decades, the introduction of magnetism into common semiconductor hosts has driven a number of new research areas in spintronics. Inspired by spintronics research and applications based on transition metal ferromagnets (FMs), the focus has been on magnetic counterparts of semiconductors with the FM order. (Ga,Mn)As and related (III,Mn)V compounds [9] [10] [11] have become archetypes among these materials, resulting in discoveries of new spin-related physical phenomena and device functionalities. For example, the understanding of spin-orbit coupling phenomena has advanced due to experiments in (Ga,Mn)As, from the ohmic transport regime to new realizations in tunneling and Coulomb blockade devices. 12,13 Low Curie temperatures have prevented the direct integration of (III,Mn)V FM semiconductors into spintronics technologies. Nevertheless, new phenomena discovered in (Ga,Mn)As have been subsequently reported in the room-temperature metal FMs, relevant not only for basic science but also for practical spintronic applications.
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While a ferromagnetic ground state is rare within magnetic materials derived from semiconductor compounds and their Curie temperatures are below room temperature, high Néel temperature (T N ) AFMs can be found, for example, among the magnetic counterparts of the I-II-V semiconductors (see also Supplementary Table S1 and Supplementary Note 1).
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The structure of the non-magnetic semiconductors such as LiZnAs, NaZnAs, CuZnAs and AgZnAs is closely related to the III-V zincblende structure, as shown in Fig. 1a ,b. By splitting the group III atom into two elements from group I and II, their combined valence equals that of the group III atom. One of the two elements resides on the zincblende site while the other occupies one of the tetrahedral interstitial sites that is empty in the zincblende structure. 17 An extensively studied magnetic compound with the same filled zincblende (also called half-Heusler) crystal structure is CuMnSb (Fig. 1c) . 18, 19 The AFM coupling of FM (111) planes of this cubic crystal has a frustration in the magnetic interactions, with half of the Mn nearest-neigbours coupled antiferromagnetically and half ferromagnetically. 20 This frustration leads to the relatively low T N = 50 K of CuMnSb and shows that keeping the same cubic structure as in the non-magnetic parent I-II-V compound is unfavourable for robust antiferromagnetism. Moreover, lowering the symmetry from cubic to, e.g., tetragonal
enhances the magnetocrystalline anisotropy phenomena and is therefore favourable for the concept of AFM spintronics.
LiMnAs and NaMnAs are among the examples of AFM I-II-V semiconductors 4, [21] [22] [23] [24] whose equilibrium crystal structure changes from the cubic half-Heusler lattice of their nonmagnetic counterparts to a layered tetragonal structure (Fig. 1d ). This more anisotropic crystal arrangement removes the frustration in the nearest-neighbor magnetic coupling, resulting in T N 's far above room temperature. Single crystal thin films of the LiMnAs AFM semiconductor were recently prepared by molecular beam epitaxy (MBE) on lattice matched
InAs substrate. 4, 24, 25 The inclusion of alkali metal elements represents, however, a challenge both in terms of the growth and the stability of devices. Group Ib transition metal elements may represent the solution to this problem: NaZnAs and AgZnAs are known to be twin compounds with identical crystal structure and lattice constants, and CuZnAs is also very similar. 17 This has motivated our interest in CuMnAs as a suitable I-Mn-V AFM compound for spintronics. 20 The bulk equilibrium phase of CuMnAs displays room temperature AFM ordering, 26 as confirmed in our recent study of chemically synthesized bulk samples.
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However, the orthorhombic crystal structure (Fig. 1e ) is not compatible with conventional compound semiconductor substrates.
In the present work we demonstrate that CuMnAs films can be prepared by MBE in the tetragonal form reminiscent of NaMnAs (Fig. 1f) . In analogy to the Ia-Mn-V compounds, all nearest-neighbours in the tetragonal CuMnAs films couple antiferromagnetically, resulting in a high T N . We demonstrate relaxed epilayers of the tetragonal phase of CuMnAs grown on GaAs substrate and fully strained CuMnAs films grown on the closely lattice matched
GaP. The functionality of this new AFM I-II-V compound is demonstrated in all-epitaxial
CuMnAs/ Fe AFM/FM bilayers where we observe large room-temperature exchange bias effects.
Results
Synthesis and structure of CuMnAs epilayers. To stabilize the tetragonal phase of CuMnAs, layers were grown on the zincblende III-V semiconductor substrates GaAs(0 0 1) and GaP(0 0 1). In-situ reflection high energy electron diffraction (RHEED) and ex-situ x-ray diffraction (XRD) measurements, shown in Fig. 2 , revealed a structure incompatible with the chemically synthesised bulk material studied by Mundelein et al . 26 The space group of this structure was determined using a combined experimental and computational method which enables the precise determination of the atomic positions in a thin film using conventional Cu Kα x-ray sources only. 27 The space group was found to be that of the tetragonal Cu 2 Sb family, P4/nmm. The lattice parameters of epitaxial CuMnAs were found to be a=b=3.820Å and c= 6.318Å, for the relaxed material grown on GaAs. Magnetic characterisation of CuMnAs. Magnetic properties of the CuMnAs layers were examined using a combination of neutron diffraction and superconducting quantum interference device (SQUID) magnetometry. Neutron diffraction measurements were taken using the WISH instrument at the ISIS neutron source. Two scattering geometries were used to access the (h 0 0) and (0 0 l) sets of reflections and revealed the presence of the structurally forbidden (1 0 0) magnetic reflection. The absence of this peak structurally was confirmed using in-plane x-ray diffraction (XRD), which as expected reveals the presence of the (2 0 0) and (4 0 0) reflections but not the forbidden (1 0 0). Fig. 3a shows the (1 0 0) magnetic peak, which confirms the presence of long range AFM order with the same dimensions as the structural unit cell. This peak is completely absent at 500 K, whereas the nuclear (2 0 0) peak (not shown) and the structural contribution of the (0 0 1) peak are still present (Fig. 3b) ,
confirming that the layer has been neither destroyed nor undergone a phase change, but has lost long range AFM order. The GGA+U calculations show that tetragonal CuMnAs in the AFM ground state has a strongly suppressed density of states around the Fermi energy (see Fig. 5a ), indicating an electronic structure of a semimetal or a narrow bandgap semiconductor. This is in a contrast to the FM phase which is strongly metallic (see Fig. 5b ). Our results in CuMnAs illustrate the generic trend that AFMs are more compatible with semiconductor/semimetal electronic structure than FMs. We also performed relativistic GGA+U calculations of magnetic anisotropy of the tetragonal CuMnAs in the AFM ground-state. Consistent with experiment, we find that the Mn moments, ordering ferromagnetically within the plane and antiferromagnetically between the planes, are oriented in the (ab) plane.
Finally we note that the Ia-Mn-V compounds, NaMnAs and KMnAs, crystallize in a TAMR is one of a family of spin-orbit coupling phenomena in which electronic properties and spin can influence each other. This is manifested in the realization of large magne-toresistances due to anisotropies in the density of states and chemical potential, and in the realization of carrier-induced spin reorientation phenomena. Many of these relativistic spintronic effects were first observed in the ferromagnetic Mn-doped zincblende GaAs.
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CuMnAs shares the spin-orbit, broken space-inversion symmetry character of the electronic structure with these magnetic zincblende compounds and the tetragonal distortion of its lattice further enhances the magnetic anisotropy. The in-plane lattice parameter closely matches to GaP and Si. CuMnAs layers can be grown in a conventional III-V MBE system and therefore can be readily combined with established semiconductor heterostructure technologies. All these characteristics, complemented by the room-temperature collinear magnetic order, make CuMnAs a favorable material candidate for exploring phenomena and functionalities within the emerging concept of spintronics based on AFMs.
Methods
Growth of CuMnAs films. The CuMnAs films were grown in a Veeco GEN-III MBE system. Standard effusion cells were used as sources for elemental Mn and Cu, and a valved cracker cell (in the As 4 regime) was used as the source of As. The epitaxial growths were carried out at a substrate temperature of 300 • C, with the material fluxes set to cover a range of ratios around the stoichiometric point of Cu:Mn:As=1:1:1. For growth on GaAs(0 0 1), after opening the cell shutters the (2x4) reflection high-energy electron diffraction (RHEED) image of the clean GaAs surface became diffuse within several seconds. Typically, a new streaky (2x2) pattern emerged during the next twenty minutes (corresponding to approx.
10 nm of the epitaxial CuMnAs) which then remained stable till the end of the growth.
In contrast, for growth on GaP(0 0 1) , the transition period of the diffuse RHEED image was completely missing; instead, a (1x2) pattern arose immediately after opening the shutters, transforming smoothly into the streaky (2x2) within the first five minutes of growth (Fig. 2a,b) .
Structural characterisation. High resolution XRD measurements to determine the lattice parameters were performed on a Panalytical X'pert Materials Research Diffractometer (MRD) equipped with a standard Cu x-ray tube, a parabolic x-ray mirror, a 4x220 Ge Bartels monochromator, and a 3x220 Ge channel-cut crystal analyser with point detector. For
the space group refinement a combined experimental and computational procedure, which utilised a Bruker area detector in combination with the aforementioned MRD, was used.
The details of this technique are published elsewhere 27 .
High resolution aberration-corrected STEM was performed at Oak Ridge National Laboratory in a Nion UltraSTEM column, operated at 100 kV and equipped with a fifth order Nion aberration corrector. Samples were prepared by conventional thinning, grinding, dimpling and Ar ion milling.
Calculations. We used the full-potential linearized-augmented-plane-wave method (WIEN2k package 36 ) to calculate the magnetic structure of the tetragonal CuMnAs. In all calculations we used the PBE-GGA exchange-correlation potential. 36 Plane wave cutoff was given by R M T * k max = 7.5, where R M T is the smallest muffin tin radius. Brillouin zone was sampled by a mesh composed of up to 20,000 k-points. To describe the correlations of Mn 3d electrons we employed the GGA+U approximation with U =4.6 eV and J=0.5 eV.
The lattice constants and z positions of As and Mn were taken from the experiment.
